Open kitchen designs are found in small units in tall residential buildings of Asian-Oceania regions for better space utilization. As many combustibles are stored in small residential units, fire originated in the open kitchen can grow and spread fast. Consequently, flashover can occur to give a big fire and result in severe casualties and property damage. Nonlinear dynamics can be applied to predict critical heat release rate to flashover in the unit with an open kitchen and will be illustrated in this paper. Based on a two-zone model, temperature of the hot smoke layer was taken as the system state variable. An evolution equation was developed with selective control parameters. Onsetting of flashover using a nonlinear dynamical system was demonstrated in the example residential units. Effects of the floor dimensions, the radiation feedback coefficient and thermal properties of wall material on the onset of flashover were then examined and analyzed. The developed nonlinear dynamical model for studying the onset of flashover gives a better understanding of the various control parameters.
Introduction
The fire safety of tall buildings associated with smoke movement and control, big fire due to wind action, firefighting accessibility and long evacuation time should be watched in densely populated areas in the Asia-Oceania regions [1] [2] . In recent years, residential building fires were reported in skyscrapers [3] [4] .
In Hong Kong, there are residential units in tall buildings with a floor area of less than 30 m 2 . Open kitchen design was employed to make this tiny unit more spacious. However, these open kitchen designs [5] in tall residential buildings give more fire hazards. As reported before [6] , residential buildings stored many combustibles with fire load density up to 1400 MJm −2 . Kitchen is a hazardous area with naked flames cooking and usually enclosed with fire resisting construction. Cooking fire was the leading cause [7] for home fires and injuries. A small percentage fire of less than 5% escaping from kitchen accounted for a large proportion of the deaths and damages. Open kitchen fires in tall residential buildings should be watched.
A fire originating from the open kitchen spread beyond the cooking area can easily ignite combustibles stored in other parts of the unit. The fire can grow quickly to have flashover. The onset of flashover is usually considered as an indication of untenable condition, playing an extremely important role in disastrous fires [8] . Once flashover occurs, it will speed up the spread of the fire and even put the whole building at risk, causing a big post flashover fire. Therefore, it is very important to study flashover due to open kitchen fire in small residential units in tall buildings.
Efforts have been made to understand and predict flashover [9] [10]. Many factors were identified to have the transition of a growing fire to flashover. The commonly accepted criteria are that gas temperature below the ceiling reaches 500˚C to 600˚C, or the radiation heat flux at floor level is 20 kW/m 2 , or flames come out of the openings.
Flashover is characterized by a sharp increase in burning rate and gas temperature. Thermal instability is considered to be one of its mechanisms [9] . In a compartment fire, thermal radiation from the hot smoke layer and heated wall and ceiling surfaces increases the burning rate of the fuel to release more heat. Consequently, the smoke layer becomes hotter and then thermal feedback is also augmented. A positive feedback loop is formed. A relatively small and localized fuel-controlled fire suddenly can jump in a short moment to a big ventilation controlled fire involving all the exposed combustibles. This rapid jump is called flashover. The thermal instability nature of flashover suggests that it is a nonlinear dynamical process. Therefore, nonlinear dynamics theory can be applied to study flashover and started about three decades ago. Since then, different dynamical models appeared in the literature [11] - [20] . These models are typically based on simplified energy balance equations for a single compartment fire with the number of system state variables ranging from one to three. Such an approach [15] [16] was then updated and applied [18] - [20] to study flashover in an open kitchen fire as further illustrated in this paper. The nonlinear dynamics model developed will be used to predict the critical heat release rate necessary for the onset of flashover in a small unit with an open kitchen. The effects of geometry of the residential unit, wall materials and radiation feedback on the occurrence of flashover were examined.
Nonlinear Dynamics Model for the Small Residential Unit
The process of a fire in a small residential unit was considered as a dynamical system. Based on a two-layer zone model, the evolution equation was developed for the upper hot smoke layer. The upper smoke layer temperature was chosen as the state variable because it is important for predicting hazardous conditions. Change of the system state with time is of interest. The system behavior is dominated by control parameters, such as heat release rate, room configuration, opening geometry, and others. When one or more control parameters change, the system state responds accordingly. Normally, a small perturbation only causes a relatively slight variation in the system state. However, the system can experience violent change or bifurcations [15] [16] for qualitative changes in system state with its structure becoming qualitatively different at critical parameter values. Equilibrium state is a simple but important dynamical behavior of the system. The local stability of an equilibrium point or fixed point is also of great importance. When an equilibrium point loses its stability, bifurcation may occur. Eigenvalues of the constant Jacobian matrix at an equilibrium point can help to determine the local stability of it. The fixed point is stable if all eigenvalues are negative and unstable if at least one eigenvalue is positive. When eigenvalues become zero, bifurcation might take place. In this application on room fire, the system jumps from the current equilibrium state to a new remote one when bifurcation occurs. Such system jumps suggest flashover takes place.
An example residential unit adopted [18] - [20] as shown in Figure 1 has a length of L, width of W and height of H. A single rectangular vent of width W d and height H d is located at the center of one wall. A fire source at the open kitchen is assigned at the room centered at the floor level. There will be no fire resisting wall enclosing the kitchen in that residential unit. Main assumptions made in the fire model are listed below:
• Density of the smoke layer is kept constant at ambient density ρ 0 .
• The temperature of the lower air layer and its bounding surfaces are kept at the initial temperature T 0 .
• Surface temperature of the fire source is assumed to be the ambient value T 0 and its emissivity is taken to be 1.
• Before flashover, the fire is assumed to be quasi-steady and the height of the smoke layer interface is constant and kept at 0.5 H [9] .
• The height of the neutral plane coincides with the height of the smoke layer interface.
• In ventilation-controlled stage, the air entering into the residential unit is assumed to be completely consumed.
• The wall surface is assumed to be black body and the emissivity of the smoke layer is assumed to be 1.
The evolution equation was developed based on the energy conservation for the upper hot smoke layer. It takes a similar form as described [11] - [16] in terms ofthe mass of the smoke layer m, the specific heat capacity at constant pressure c p , the average temperature of the hot smoke layer T at time t, net heat gain rate G E and net loss rate L E of the hot smoke layer.
The terms G E and L E are functions of smoke layer temperature. G E is determined by the fraction of the heat release rate of the fire Q  that goes into the upper smoke layer. Part of the energy released by a fire is emitted by radiation and does not enter the smoke layer. G E can be written as:
For fire plumes resulted from common fuels, the radiant part R χ typically accounts for 20% to 40% of the total energy released [10] .
The heat release rate of a room fire can be calculated for fuel-controlled fire and ventilation-controlled fire. For a fuel-controlled fire, there is enough air for combustion and the heat release rate Q  depends on the mass of combustible gas released and given by the free burning heat release rate of the fire 0 Q  ; the combustion efficiency χ ; the additional burning rate due to thermal feedback from the enclosure and hot smoke f m  ; and the heat of combustion of the fuel H com .
For a ventilation-controlled fire, excess fuel is released and the heat release rate is dominated by the mass flow rate of air a m  into the compartment and the stoichiometric air to fuel mass ratio r.
Further, f m  can be determined by the net incident radiant heat on the fuel surface in R  and the heat of evaporation or gasification of the fuel H vap .
In a compartment fire, the hot smoke layer and heated boundary surfaces radiate heat back to the fuel surfaces, which accelerate the gasification rate of the fuel. This radiant feedback has been recognized as playing an important role in the onset of flashover [21] . in R  is calculated by a simplified equation in terms of the Stefan-Boltzmann constant σ; the radiant feedback coefficient µ; and the ambient temperature T 0 .
( )
In a ventilation-controlled fire, the gas temperature is most often very high and the smoke gas isroughly mixed evenly. The inflow of air through openings can be obtained [10] from the width W d and height H d of the opening:
The energy lost from the hot smoke layer L E is composed of mass flow through the opening, convection and radiation heat loss to the solid boundary and radiation loss to the opening.
where Z is the height of the smoke layer interface from the floor level; and h t is the convective heat transfer coefficient. w T , A w are the surface temperature and surface area of the upper parts of the solid boundaries enclosing the hot smoke gas respectively. A w is given by:
There are four items on the right hand side of Equation (8) . The first item is the radiative heat loss from the smoke layer to the lower part of the compartment and vent. The second item and the third item are the radiative and convective heat loss to ceilings and the upper part of the walls, respectively. The forth item is the enthalpy flowing out through the vent.
For simplicity, surface temperature of the heated walls w T is approximated as a fraction of the smoke layer temperature [12] :
Note that c U is a wall temperature parameter ranging from 0 to 1 and depends on the thermal inertia of wall materials.
As demonstrated in Figure 1 , hot smoke flows out through the upper part of the opening and fresh air enters from the lower part. The outflow rate out m  driven by buoyancy through the vent can be estimated [22] in terms of the flow coefficient C d ; the height of neutral plane from floor Z N where the pressure deference across the opening is zero; and the acceleration due to gravity g. 
For simplicity, Z N was assumed to be coincided with Z, equation (11) can be rewritten as:
According to the dynamical theory, equilibrium points of the dynamical system meet:
where T equ is the system state value at equilibrium points, its corresponding eigenvalues λ can be obtained by:
If the value of λ is equal to zero at certain equilibrium point, then flashover is considered to happen here.
The control parameters and constants are set values as listed in Table 1 , unless otherwise specified. Some of the values are taken out from literature [23] .
Onsetting of Flashover
Onsetting of flashover was further demonstrated [18] [19] by the nonlinear dynamical model for another two residential units with open kitchen. One was 6 m long, 5 m wide and 3 m high. The other was 5 m long, 5 m wide and 3 m high. Curves for energy gain rate G E and energy loss rate L E were plotted against the upper smoke layer temperature respectively as shown in Figure 2 and Figure 3 . The relationship of the two curves is different in the two cases. When the floor is 5 m by 5 m, it was very similar to the case when the floor is 6 m by 3.5 m which was discussed before [19] . For the case with floor geometry of 6 m by 5 m, as shown in Figure 2 , when the value of parameter 0 Q  increases, the relative positions of the two curves also change. There are three, two or one intersections for the two curves. These intersections represent different equilibrium states of the fire system. From a temperature perturbation analysis, it is easy to find that equilibrium point A in Figure 2(a) is stable. When a fire progresses to point A the temperature of the smoke layer will stabilize at a relatively low temperature. While the equilibrium state at points B is unstable. The more dangerous situation is point D in Figure 2(b) which is of great interest. If there is a small increase in temperature at point D, the fire will jump rapidly from an equilibrium state to a new stable state E, i.e. flashover occurs. When 0 Q  is larger than 439 kW, the fire will continually grow to a ventilation-controlled state as shown in Figure 2 (c) and there is no thermal instability.
Eigenvalues in Figure 2 (d) can help to determine the stability of equilibrium points. As shown in Figure 2 (e), the branch AD is stable because the corresponding eigenvalues in Figure 2 (d) are negative. Vice versa, branch DB is unstable. The stable branch intersects the unstable branch at point D whose eigenvalue is zero. When a small fire starts on branch AD, as the free burning heat release rate of the fire increases, the fire will eventually reach D and a fold catastrophe occurs. At point D, the system state rapidly jumps from a fuel-controlled equilibrium point to a new remote ventilation-controlled equilibrium state denoted by point E with a sharp increase in temperature. Flashover occurs at this bifurcation point. The heat release rate is about 1444 kW and the smoke layer temperature is 556 K for bifurcation point D. The new state E has a temperature of 774 K.
Effect of the Residential Unit Geometry
To consider the effect of unit geometry on the onsetting of flashover, critical conditions for five units with different floor dimensions but same room ceiling height (3 m) were evaluated. The five cases were labeled as C1 (6 m by 3.5 m), C2 (7 m by 3 m), C3 (5 m by 5 m), C4 (6 m by 5 m) and C5 (7.5 m by 4 m) respectively.
In these cases, the radiation feedback coefficient is kept at a constant value of 0.15, though they vary with the compartment geometry and the fire process. The values for critical temperature, critical heat release rate and equilibrium temperature after flashover discussed before [19] are presented in Table 2 .
Three floor area values 21 m 2 , 25 m 2 and 30 m 2 were investigated. For units with a larger floor area, the critical heat release rate for flashover is lower. In the fire model developed, the thermal radiation feedback is closely related with the smoke layer interface area, which is equal to the floor area. If the other conditions are the same, as the floor area increases, the fire base receives more energy feedback from the upper part of the compartment. But for a large compartment, it may take a longer time to reach a higher temperature.
C1 and C2, C4 and C5 are of the same floor area but different aspect ratio respectively, giving different internal surface areas. For residential units with the same floor area, when the internal surface area is small, the values of critical temperature and critical heat release rate are lower than those with a larger internal surface area. When the internal surface area of an apartment is small, less heat is conducted away from the enclosure boundary, allowing more energy to be stored in the unit. Therefore, a smaller heat release rate would onset flashover to give a higher compartment temperature.
Effect of Radiation Feedback
Radiation feedback from the smoke layer to the fire source is assumed to be the driving force to the onset of flashover in this study based on thermal instability. The heat feedback process is complicated and affected by the geometry of the enclosure, the concentration of the participating media such as carbon monoxide and soot, the thickness and temperature of the smoke layer and other factors. Heat radiated to the fuel is simplified in the present study using the radiation feedback coefficient µ in equation (6), which implicitly incorporates the effect from emissivity and view factor. Only radiation from the smoke layer is considered and radiation from hot surfaces is neglected.
Taking the residential unit in C4 as an example, effect of parameter µ on the onset of flashover was evaluated.
The other parameters are kept the same as values in Table 1 . Figure 4(a) shows the critical heat release rate and critical temperature for flashover under varying µ, respectively. Critical conditions under different µ for a unit in C1 was reproduced [19] in Figure 4 (b) for comparison.
As demonstrated in Figure 4 (a), lower heat is radiated back to the fire source when the value of µ is low. Flashover does not occur. When the radiation feedback coefficient µ increases, the critical heat release rate for flashover drops quickly at first, then varies gradually. When µ is 0.1, the critical heat release rate and critical temperature are about 5.3 MW and 880 K respectively. Under strong radiation feedback with µ of 0.2, the minimum heat release rate required for onsetting flashover is only 0.84 MW and the corresponding critical temperature is 478 K. Therefore, flashover can occur earlier under strong radiation feedback to have fast fire growth rate.
Effect of the Wall Materials
Heat lost in a room fire through the wall depends on the material properties of the boundaries. Effect of wall properties on onsetting flashover was studied [20] .
If the thermal inertia of the wall is large, the wall temperature parameter U c in Equation (10) is small and more heat is lost through the walls due to a larger temperature difference between the hot smoke and the solid boundary. If the thermal inertia is small enough, U c is nearly 1 and the wall has a good insulation performance.
Heat lost through the wall Q L can be roughly estimated [24] [25] by:
where h c is an effective heat transfer coefficient. For simplification, the heat transfer through the solid boundary is presumed to reach a steady state, and then the value of h c can be determined by:
where value of C 1 is 0.4 for compartment fires [24] ; k w is the thermal conductivity and d w is thickness of the wall. Actually, walls of buildings are made of layered material, it was assumed in studying flashover [20] that the solid boundary consists of only one layer material with a thickness of 0.1 m. Heat transferred to the upper surfaces by radiation and convection can be assumed to equal the heat conducted into the solid. Thus, by replacing the second and the third items on the right hand side of Equation (8) with Equation (15), critical flashover conditions for various wall materials can be assessed.
Typical values for thermal properties and the steady-state value of h c for timber, gypsum plaster and concrete used before [20] with the wall taken to be a more realistic value of 0.1 m are presented in Table 3 . Critical heat release rate and temperature for onsetting flashover for C1 through C5 are also shown. It can be seen that flashover can take place more easily in a unit enclosed with timber which has good insulation properties. 
Conclusions
Fire hazards associated with open kitchen in small residential units of tall buildings storing large amount of combustibles should be watched. A nonlinear dynamic model [15] [16] was employed and upgraded to quantitatively investigate the dangerous phenomenon of flashover in an open kitchen fire. Critical heat release rate and temperature for onsetting flashover were predicted under various unit floor dimensions, radiation feedback and wall materials.
It is observed that the solid boundary surface area or the floor aspect ratio will change the critical heat release rate and temperature for onsetting flashover, even for the same unit floor area. Consequently, architects can change the geometry of the residential unit with an open kitchen to give favorable conditions to mitigate the occurrence of flashover. The thermal properties of wall material also have effect on the critical conditions for flashover. Fire hazards of units with an open kitchen located in buildings enclosed with material of small thermal inertia should be given more caution.
Flashover in an open kitchen fire can be demonstrated by the model developed [15] [16] [18] - [20] . Although the state of the system depends on the values selected for the control parameters, such simplification and assumptions made on the complicated heat transfer process can be taken as a starting point for future development.
